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Introduction
New materials discovery has governed the development of science and technology for decades. [1] [2] [3] [4] Many of the most important magnetic materials were discovered through enlightened solid-state chemistry and intermetallic-compound research. [5] [6] [7] This approach often has been focused on Fe or Co-based compounds, since Fe and/or Co are required to achieve high saturation magnetic polarization J s (J s = 4πM s , where M s is the saturation magnetization)
and Curie temperature (T c ). Magnetic anisotropy is another key intrinsic property, essential to develop coercivity (B c = µ 0 H c ) in magnetic materials or thermal stability in nanomagnets.
Magnetocrystalline anisotropy is a combined effect of spin-orbit coupling and crystal-field interactions and often requires rare-earth or expensive elements. 8 In contrast to the earlier methods, there are three relatively unexplored approaches to the problem of new magneticmaterials discovery. These include: (i) production of new structures by incorporation of gases such as nitrogen, (ii) the use of non-equilibrium methods to generate novel structures, and (iii) the use of high-speed computational methods stimulated by the materials genome initiative. In this research, we combine uniquely all of these approaches to achieve promising magnetic properties in Co-N compounds.
Considering the above-mentioned three approaches separately, it has been shown that the interstitial modification of N can improve the M s , K 1 , and T c values of Fe-rich magnetic materials such as Fe 16 N 2 and Sm 2 Fe 17 N 3 . 9,10 Some stoichiometric Co-N interstitial compounds have been reported such as Co 3 N and Co 2 N, but these exhibit poor magnetic properties.
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An example is the hexagonal compound Co 3 N, which crystallizes in the well-known ε-Fe 3 N structure (space group P6 3 22) but exhibits a low magnetization (about 31 kA/m or emu/cm 3 )
at 5K. 11 The second approach, that of non-equilibrium processing, has focused on techniques such as sputtering and rapid quenching from the melt. These methods have produced interesting examples of magnetic compounds such as Co 3 Si by sputtering
ThMn 12 -type structures by rapid quenching. [15] [16] [17] Finally, theoretical and computational tools for new materials discovery have seen significant development in recent years. First-principle calculations and machine-learning techniques show much potential for high-throughput computational materials design. Ideally, this approach can accelerate the discovery of new materials with high efficieny and speed by guiding synthesis methods on the composition and structure of new compounds. Several reviews of advances in this rapidly developing field have appeared recently. [18] [19] [20] [21] [22] [23] Transition-metal nitrides form a rich class of compounds with diverse electronic structure and properties. They are relatively unexplored compounds compared to oxides, yet have properties ranging from metallic to semiconducting and with potential applications as ceramics, magnets, catalysis, and others. [24] [25] [26] [27] [28] In this communication, we investigate new Co-N compounds by combining experimental and computational methods as follows. First, nonequilibrium cluster deposition 14 is used to produce a set of metastable Co-N compounds in the form of nanoparticles and the structure and magnetic properties of the Co 3 N nanoparticles are determined experimentally using various complementary characterization techniques.
Nanoparticle syntheses have shown great potential recently for the development of new Corich magnetic compounds with high magnetocrystalline anisotropy and magnetization. 14, [29] [30] [31] [32] We have focused our search on the Co 3 N stoichiometry in this study, because earlier experimental observations on Co-N systems suggest the formation of the cubic structure for nitrogen contents ≤ 20 at. % and higher nitrogen contents ≥ 30 at. % substantially deteriorates the magnetic properties; for example, Co 2 N and CoN are Pauli paramagnets.
Second, an adaptive genetic algorithm (AGA) is used to assist the determination of the crystal strucrure for the new nitride compounds. This method predicts the crystal structures of unknown phases relatively rapidly and does not require any assumptions on the Bravais lattice, atom basis, or unit-cell dimensions. 33 Third, spin-polarized density-functional theory (DFT) is applied to new structures in order to calculate their electronic structure and understand their magnetic properties.
Experimental methods
Our nanoparticle experiments were carried out by cluster deposition using an inert-gas condensation. 14 In this method, which produces highly monodisperse metal and alloy nanoparticles, an atomic Co vapor produced using direct-current plasma sputtering is condensed in a cooled inert-gas atmosphere to form nanoparticles in the gas-aggregation chamber (for more details, see the experimental section in the Supporting Information S1). To form Co 3 N nanoparticles, we have fed nitrogen gas (N 2 ) into the gas-aggregation chamber.
Stoichiometry and crystal structure were controlled by nitrogen flow rate, deposition pressure, and growth rate. The nanoparticles were then extracted from the gas-aggregation chamber to another chamber for room-temperature deposition on substrates. Dense nanoparticle films were deposited on Si (111) to measure x-ray diffraction (XRD) using a Cu K α wavelength of about 1.54 Å, neutron diffraction, binding energy of core-level electrons using x-ray photoelectron spectroscopy (XPS), and magnetic properties using superconducting quantum interference device (SQUID) and physical property measurement (PPMS) system. Carboncoated Cu grids with low nanoparticle coverage were used for transmission-electron microscopy (TEM) measurements. Figure 1A shows the experimental XRD patterns for the nanoparticle samples prepared at different N 2 flow rates in standard cubic centimeters per minute (SCCM). Without the addition of N 2 into the gas-aggregation chamber, the sputtered Co atoms aggregate to form pure Co nanoparticles, which exhibit a mixture of hcp and fcc Co phases as indexed in black and green fonts, respectively, in the XRD pattern (black curve in Fig. 1A ). At N 2 flow rates of about 25 SCCM (red curve) and 30 SCCM (blue curve), the XRD patterns of the nanoparticles are different from that of the Co nanoparticles (black curve) and existing equilibrium phases in the Co-N binary phase diagram 34 and indicate the formation of new structures. Higher nitrogen flow-rates cause the nanoparticles to crystallize in zincblende-type cubic CoN, as exemplified by the XRD pattern for 100 sccm (brown curve in Fig. 1A ).
Results and discussion
Crystal structures of the new cobalt nitrides were searched using the adaptive genetic algorithm 28, 33 which was developed based on real-space cut-and-paste operations to generate descendent structures. 35 The searches were carried out at zero pressure and zero temperature with energy as the selection criteria to optimize the candidate structures and in addition, we also have used density functional theory (DFT) in order to calculate the magnetization of the predicted compounds (see the Supporting information S1 for the details of DFT calculations).
The calculated Co 3 N structures along with their formation energy (∆H) at standard or equilibrium conditions and saturation magnetization (M s ) are shown in We also have performed XRD profile analysis for the nanoparticles using the Rietveld refinement method as shown in Note that the rhombohedral structure is an interstitial type and hexagonal Co 3 N phase is a substitutional compound. Figure 1C -D shows the corresponding unit cells. In the rhombohedral structure, the nitrogen atoms forming a sublattice by occupying some of the octahedral interstitial sites in the hcp-Co host lattice. This octahedral interstitial occupancy is the usual situation for gases in dense-packed metals, 36 and the corresponding theoretical enthalpy of formation, +71.0 meV per atom ( Table 1 in the Supporting Information S1), is moderately high and in a similar range of the calculated formation energy of the known Fe 3 Ntype hexagonal structure (+72.0 meV/atom). The substituted hexagonal compound crystallizes in the CdMg 3 -type hexagonal structure. As in the rhombohedral structure, the nitrogen atoms form an ordered sublattice, corresponding to the Cd atoms in the prototype, but the structure is that of hcp cobalt where one fourth of the Co atoms are replaced by nitrogen. This substitution is very unfavorable at thermal equilibrium, with a calculated formation enthalpy of +964.1 meV/atom ( Table 1 in the Supporting Information S1).
As compared to hcp Co and fcc Co, the rhombohedral Co (101) peak is covered by the substrate peak. However, a weak intensity peak corresponding to the (100) reflection of the CdMg 3 -type structure is visible in the experimental XRD pattern (red curve in Fig. 1A and B). Note that the intensity ratio between the (100) and (200) Note that the (002) peak often has been observed to be the most intense XRD peak for hcp Co nanoparticles, [37] [38] [39] [40] [41] and this is also true for the pure Co nanoparticles reported in the present study (black curve in Fig. 1A ). In contrast, the most intense diffraction peak in the XRD pattern of the hexagonal Co 3.3 N nanoparticles is (201) as expected for the CdMg 3 -type structure.
For electron-diffraction measurements, the hexagonal Co 3.3 N sample with significant amount of particles were deposited on a carbon-coated copper grid and immediately capped with a carbon layer of about 1 nm thickness. Figure 2A shows the transmission electron microscope (TEM) image of the hexagonal Co 3.3 N nanoparticles and the corresponding selected area diffraction (SAED) pattern is compared with the simulated electron diffraction pattern of the CdMg 3 -type structure using a computer program PCED in Fig. 2B . 42 The redvertical lines marked in Fig. 2B correspond to the simulated intensities of various reflections.
As shown in Fig. 2B , the experimental SAED pattern shows good aggrement with the simulated diffraction rings corresponding to the CdMg 3 -type hexagonal structure.
As shown in Fig. 2B , the most intense diffraction pattern is broad due to the combination of (201) formation energy has been been fabricated using non-equilibrium synthesis methods. 45, 46, 47 Note that the calculations for energy formation of the Co 3 N phases are made at standard conditions using hcp Co and N 2 as references by following ∆H (Co 3 N) = [E(Co 3 N) -0.5E(N 2 ) -3E(Co)]/4, and and thus the energy required to dissociate N 2 is expected to be high. 48 However, our approach uses the non-equilibrium inert-gas-plasma condensation-type cluster-deposition process for the growth the cobalt nitride nanoparticles, and reactive nitrogen precursor having atomic nitrogen is generaly produced by cracking of N 2 molecules in the plasma during the reactive sputtering process, 24 i.e nitrogen atoms are readily avaliable in the plasma to react with Co nanoparticles for forming the Co 3 N phases, and this nonequilibrium condition subsequently help to overcome the high formation energy. 24 After the formation, the nitrogen may prefer to leave the nanoparticles but persumably has no time to diffuse to the surface before cooling to room temperature, and thus the CdMg 3 -type Co 3.3 N nanoparticles have been observed to be stable while they are brought to room temperature.
Similar results also have been observed in other nitride systems. For example, MoN 2 with
R3m structure has shown a high positive formation energy of 819 meV/atom using Mo + N 2 = MoN 2 . 45 However, this compound has been been produced at high pressure of about 3.5 GPa and annealing at 753 K for 20 hrs. 46 Similarly, the formation energies of Na 3 N (+210 meV/atom) and Cu 3 N (+260 meV/atom) are high and possitive, 24 but these phases have been grown using reactive plasma synthesis and sputtering, respectively.Cu 3 N and Na 3 N also become stable while they were brought to room temperature and atmospheric pressure. 49 and substantially higher than that of the equilibrium Co-N compounds. 11-13 From the corresponding densities of states, we see that the rhombohedral compound is a weak ferromagnet (Fig. 5A) , with holes in both the ↑ and ↓ bands, whereas the hexagonal compound is a strong ferromagnet, with essentially a fully occupied ↑ band (Fig. 5B) . Figure 5C shows the hysteresis loops of the The temperature dependence of the nanoparticle magnetization for the CdMg 3 -type hexagonal structure is shown in Fig. 5D . There is a pronounced magnetization minimum near 600 K, which we interpret as a Curie transition immediately followed by the decomposition of the substitutional phase into N 2 and elemental Co above 615 K. Such decompositions are very common in Co-and Fe-based nitrides 7, 12 and, in the present system, supported by XRD and is stable up to at least 600 K (~ 327 °C) and this is important because permanent-magnet materials are needed for use above room temperature, for example up to 180 °C in highperformance motors.
To study the magnetic transition and phase stability of the hexagonal Co 3.3 N nanoparticles as discussed above, we carried out neutron diffraction on a thin-film sample composed of easy-axis-aligned hexagonal Co 3.3 N nanoparticles. The nanoparticles were aligned by applying a magnetic field B x = µ 0 H x = 0.5 T or 5 kG parallel to the substrate during the deposition i.e the field was applied along the x-direction with respect to the substrate (See the Supporting Information S4 for details). Figure 6A compares the out-of-plane (z-axis)
XRD patterns of the unaligned (isotropic) and aligned nanoparticles. It is clearly seen that the intensity of (002) peak significantly decreases and that of the (200) Generally neutron diffraction consists of nuclear and magnetic contributions. The nuclear diffraction measures the ordering of atoms; it is more sensitive to N than to Co, because the scattering length of N is about 3 times as large as Co. 50 On the other hand, the magnetic diffraction measures the ordering of magnetic moments. The important result is that the temperature dependence of the (002) diffraction intensity show a clear transition between 500 K and 600 K as shown in Fig. 6B , and this transition appears to be reversible (warming followed by cooling). Since neutron diffraction is sensitive to N, our result indicates that the structural decomposition of Co 3.3 N nanoparticles in terms of N loss is minimal up to 600 K.
The transition observed between 500 and 600 K in Fig. 6B is consistent with the magnetic Page 12 of 28 Nanoscale transition shown by the temperature-dependent magnetization curve (Fig. 5D) . Therefore, there is a sizable magnetic contribution to the neutron diffraction, which suggests a magnetic ordering. The fact that one can observe the magnetic transition in the (002) diffraction indicates non-zero magnetic moment perpendicular to the c axis, which could be due to the exchange interaction between the partially aligned particles. 51 As shown in the inset of Fig. 6B , the rocking curve of (002) diffraction was measured to study the relation between the crystalline direction and the substrate orientation as well as to obtain the degree of magnetic alignment from distribution of (002) 
Conclusions
We have used a combined experimental and computaional approach to investigate how 
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